Environmental context. Dissolved organic matter (DOM) is of utmost importance for a toxic metal's fate and ecotoxicity in the aquatic system, but the complex nature and variable composition of DOM makes the quantitative understanding of DOM's role in the environment very difficult. We have demonstrated that the assumption that the properties of a DOM mixture are the sum of the properties of its individual fractions can capture the main trends characterising the role of DOM in lead speciation and adsorption by freshwater microalgae. This was done by mixing the isolated, well-characterised fractions of DOM and measuring levels of free lead ion and Pb adsorbed and internalised by algae.
Introduction
Dissolved organic matter (DOM) plays an important role in aquatic ecosystems by binding trace metals and thus influencing their speciation, uptake and biological effects. [1] [2] [3] DOM is a complex mixture of ill-defined components exhibiting high heterogeneity in size and chemical composition. [2, 4, 5] This complexity makes the quantitative understanding and prediction of DOM reactivity with respect to metal uptake, as well as the environment in general, a challenging task. Studying the role of DOM in the environment is approached by three different methods: direct measurement of the parameters of interest without separation, measurement after fractionation, or through the isolation and investigation of the properties of a homologous groups of compounds. [2, 5] Up to now, most of the mechanistic knowledge concerning the role of DOM in metal speciation and uptake has been obtained from laboratory experiments with isolated fractions of homologous groups of compounds, such as humic substances.
In those cases, the extrapolations of the data obtained to the behaviour of the whole DOM could be made by assuming the representativeness and additivity in the properties of the different fractions. Among the different DOM homologous groups, the role of the humic substances, representing up to 75% of DOM in natural waters, [3, 6] in metal speciation and bioavailability has been widely studied. Laboratory-based experimental work, mainly with well-characterised pre-isolated fulvic and humic acids, demonstrated the key yet dual role of the DOM in metal uptake by algae. Humic substances decrease metal uptake by complexing metals in the medium, [7] [8] [9] [10] [11] [12] [13] but they can increase the adsorbed or internalised metal by adsorbing to the algal surfaces, [14] [15] [16] enhancing the negative charge [11, 14, 16] and adding additional binding sites on the algal cell surface that were proposed to contribute to increased Pb uptake. [11, 12] A non-humic fraction, for example extracellular polymeric substances, representing up to 25% of DOM in natural waters [17] has received very little attention in metal uptake studies.
Recently, it was reported that the extracellular polymeric substances released by the gram-negative bacterium Sinorhizobium meliloti complex Cd in the medium and reduce both its free ion concentration and cellular metal content. [18] Similarly, Cd uptake by another gram-negative bacterium, Rhodospirillum rubrum, greatly decreased following the production of exudates, but in that case the type of extracellular ligands was not identified. [19] Moreover, a protective effect of exudates against Cd, Cu, Pb and Zn toxicity on Pseudokirchneriella subcapitata has recently been observed. [20] Nonetheless, it is currently unclear whether the non-humic components of DOM play an important role in metal uptake when humic substances are also present.
Therefore, the high environmental relevance of DOM and the lack of systematic knowledge about the role of DOM composition variability in metal uptake motivated the present work. The specific objective for the present study was to determine and relate Pb complexation to the uptake by the green alga Chlorella kesslerii in the presence of DOM of variable composition. The research approach included reconstitution of DOM by mixing major DOM components with well-characterised properties in different proportions. The free Pb ion concentration in the presence of DOM, with a constant dissolved organic carbon (DOC) concentration and variable composition, the amount of adsorbed Pb and Pb internalised by algae were simultaneously determined. An assumption that the complexation and adsorption properties of DOM mixtures can be considered as a sum of the properties of its individual fractions was tested.
Experimental methods

Dissolved organic matter choice and composition
To study the effect of DOM composition on Pb speciation and uptake, a reconstituted DOM of variable composition was prepared by mixing pre-isolated and well-characterised fulvic, humic and alginic acids in different proportions. Humic (HA) and fulvic acids (FA) isolated from the Suwannee River were obtained from the International Humic Substances Society (Colorado School of Mines, Golden, CO). [21] Alginic acid (AA) isolated from Macrocyctis pyrifera (Sigma, Buchs, Switzerland; sodium salt A2033) was used as a model of the polysaccharide fraction of DOM. Stock solutions of humic, fulvic or alginic acids of 0.5 g L −1 were prepared in Milli-Q water and stored at 4 • C (for a maximum of 2 weeks) for use in the preparation of the experimental media.
The reconstituted DOM composition varied as follows: (i) 5 mg C L −1 FA + 5 mg C L −1 HA (henceforth noted as 5 HA + 5 FA); (ii) 5 HA + 5 mg C L −1 AA (5 AA); (iii) 5 FA + 5 AA; and (iv) 5 FA + 2.5 HA + 2.5 AA. The latter DOM composition was designed to match a freshwater DOM as closely as possible (i.e. 75% humic substances and 25% polysaccharides). [11, 17] Experimental medium All experiments were performed at a concentration of 10 −6 M of total lead and constant DOC concentrations of 10 mg C L −1 at pH 6.0. Pb speciation, and adsorbed and internalised Pb in the presence of the reconstituted DOM were compared with those in the presence of 10 mg C L −1 FA, HA or AA as individual fractions.
Measurement of the free lead ion concentration
Free lead ion concentration in the presence of DOM was measured in the medium prior to algal exposure with a low detection limit Pb 2+ -selective electrode with an optimised membrane composition for each experimental condition. Details about the experimental procedure used for free Pb concentration measurements can be found in previous work, [11, 22] as described for the individual components. [11, 16] Briefly, a mixture of 10 −6 M Pb(NO 3 ) 2 + 10 mg C L −1 DOM in 10 −2 M MES (2-(N-morpholino)ethanesulfonic acid; Sigma) buffered to pH 6.0 was used as an internal filling solution for Pb 2+ measurements in the presence of 10 mg C L −1 DOM of the same composition. Potentials were measured with a 16-channel electrode monitor (Lawson Laboratories Inc., Malvern, PA), by simultaneously recording data from at least three electrodes. The electrodes were preconditioned for 12 h in mixtures corresponding to the internal solution composition, and were then calibrated with a series of Pb solutions in the Pb 2+ concentration range of 10 −7 to 5 × 10 −5 M. The slope of the response curve was 29.0 ± 1.5 mV, near the theoretically predicted value of 29.6 mV. Pb complexation by MES was considered to be negligible. [23, 24] Interaction of Pb with the green alga Chlorella kesslerii Pb uptake by the microalgae Chlorella kesslerii (University of Toronto culture collection, UTCC 266) was quantified by determination of adsorbed and internalised Pb content after a constant exposure time of 30 min. C. kesslerii was cultured in a standard algal growth medium [25] at 20 • C, with rotary shaking (100 rpm) and a 12:12 h light:dark regime in a specialised incubator (RUMED, Laatzen, Germany). When the mid-exponential algal growth phase was reached, the algal cells were collected by gentle filtration and washed with a lead-free experimental solution. Algal cells were resuspended in 10 −2 M MES containing 10 −6 M Pb in the absence and presence of 10 mg C L −1 DOM of different compositions for 30 min. Cell density in the medium was ∼8 × 10 6 cells mL −1 . The algae were then filtered and rinsed two times with 5 mL of 10 −2 M MES. This was followed by a rinse with 10 −2 M ethylenediaminetetraacetic acid (EDTA, Fluka, Buchs, Switzerland) to distinguish the adsorbed from internalised Pb as previously optimised. [26, 27] Internalised Pb was determined following digestion of the EDTA-washed algae with 0.5 mL of concentrated HNO 3 (Suprapur, Baker, Phillipsburg, NJ, USA) at 100 • C over 1 h. Adsorbed and internalised Pb fractions were measured by inductively coupled plasma mass spectrometry (ICP-MS; HP 4500, Agilent Technologies, Palo Alto, CA). Cell densities and surface distributions were determined by a Coulter Multisizer III particle counter (50-µm orifice) for each experimental run.All experiments were repeated at least twice, usually three times. Adsorbed and internalised Pb contents obtained are presented as mol per algal surface in square centimetres (cm 2 ).
DOM interaction with the green alga Chlorella kesslerii
The quantity of DOM bound to the algae was estimated by the difference in total organic carbon content in a carbon-free buffer medium before and after the 30-min contact with algae. Total organic carbon was measured using a Shimadzu total organic carbon (TOC) analyser 500/5000A (Reinach, Switzerland) following acidification to pH 2 with concentrated HCl (Baker Suprapur, 1 µL per mL). To this end, MES from the experimental medium was replaced by 5 × 10 −3 M NaNO 3 and pH was adjusted to 6.0 with 0.1 M NaOH. Algae were isolated from the experimental medium by 10 min of gentle centrifugation at 100g at 20 • C. In the case of the humic substances, the quantity of adsorbed DOM obtained from the measurements of the TOC analyser were compared with those obtained from UV-visible Table 1 . Conditional stability constants (K Pb-L ) characterising the interactions in the binary system Pb-dissolved organic matter (DOM) and apparent Henry adsorption constants (K H ) for DOM componentsalgae
Alginic acid 4.4 [11] 10 5.5 (4.8 ± 0.5) × 10 −3 Fulvic acid 6.1 [21] 10 5.6 (8.7 ± 1.0) × 10 −3 Humic acid 4.9 [21] 10 6.0 (8.9 ± 1.0) × 10 −3
A Conditional stability constant for Pb binding to alginic, fulvic and humic acid at pH = 6.0 and ionic strength, I = 5 × 10 −3 M, taken from previous work. [11, 16] B Apparent Henry adsorption constants for alginic, fulvic and humic acids to Chlorella kesslerii, estimated from the TOC measurements in the current work.
absorption measurement at 280 nm (UV-Vis spectrophotometer, Perkin-Elmer, Schwerzenbach, Switzerland). Details about the latter procedure can be found elsewhere. [11, 16] The amount of DOM bound to algae was presented as mg C per cm 2 algal surface.
Data analysis and modelling
Free lead ion concentration [Pb 2+ ] in the presence of reconstituted DOM was calculated from Eqn 1: [11, 16] and given in Table 1 . Experimentally determined adsorbed DOM content was fitted by a linear Henry adsorption isotherm, where additivity in the DOM fraction adsorption onto the algal cells was assumed as:
where {DOM} ads is the amount of the dissolved organic matter adsorbed to algae in mg C cm For a constant exposure time, Pb uptake by Chlorella kesslerii was compared with the fit of internalised (non-EDTA extractable) concentrations ({Pb} int ) with the Michaelis-Menten equation:
where {Pb} int,max is the maximal internalised metal concentration, [Pb 2+ ] is the free metal ion concentration, and K S is the average binding constant to the transport sites on the algal cell membrane.
Similarly, for a given exposure time, the total cellular Pb (internalised plus adsorbed, Pb cell ) can be fitted by a hyperbolic equation, obtained by assuming that metal adsorbs simultaneously to two types of binding sites, but only one is followed by internalisation: [28] {Pb} cell = {Pb} cell,max
where {Pb} cell,max is the maximal cellular metal concentration, and K Pb-A is the effective average binding constant of metal to algae, containing information about the metal adsorbed to both transport and adsorption sites and metal internalisation. The quantity of total cellular lead ({Pb} cell,tot ) in the system containing algae, Pb and DOM was calculated as the sum of adsorbed and internalised Pb by algae ({Pb} cell ) and Pb bound to the i-fraction of DOM adsorbed to the algal surface ({Pb-DOM i } cell ) according to:
By substituting Eqn 4 into Eqn 5 and using the expres-
] for the quantity of Pb bound to DOM adsorbed to algae, [12] the following can be obtained:
where K i H is the Henry adsorption constant of each DOM fraction DOM i and K i Pb-DOM i is the conditional stability constant for Pb and each DOM fraction, assuming that the binding properties of FA, HA or AA adsorbed to algae are the same as those in the bulk solution.
[DOM] i is the concentration of each DOM fraction at equilibrium expressed in mol carboxylic groups per L. The parameters characterising the interactions in the Pb-DOM and DOM-algae binary systems used to fit the total cellular Pb content in the presence of reconstituted DOM are given in Table 1 .
It should be noted that in the above equations, the DOM components are approximated to the non-interactive mixture of complexants [29] that can bind Pb and adsorb to algal surfaces independently. In addition, with respect to the adsorption of a given DOM component to the algal surface and Pb binding to the complementary sites, it is assumed that (i) the affinity of Pb for the DOM components bound to algae is considered equivalent to that for the bulk; (ii) the adsorption of DOM onto algal surfaces is not associated with the fractionation with respect to Pb binding sites; (iii) the electrostatic interactions for metal binding at the biological interface and DOM are neglected. substance content in the reconstituted DOM. These observations were consistent with the free lead ion measurements in the presence of the individual DOM components. The experimentally determined free lead ion concentrations in the presence of DOM of different compositions were compared with those estimated from Eqn 1. A good agreement between experimental measurements and Eqn 1 estimations was found, confirming that under the conditions studied, the free lead ion concentrations can be reasonably estimated by the simplified model assuming that the binding sites of the different components react independently, an approach commonly used in chemical speciation models. [30] Furthermore, Pb species distribution, including that of the reconstituted DOM components (Fig. 1) , was modelled using Eqn 1. In the mixtures containing equal quantities of HA and FA or AA, HA exhibited the most important contribution to Pb complexation, Pb-HA representing more than 80% of the total Pb in the medium (Fig. 1b, c) . In a mixture containing 5 FA and 5 AA, the proportion of Pb-AA complexes (43%) was slightly lower than that of Pb-FA (53%) and much lower (17%) than the contribution of Pb-HA complexes in a mixture containing 5 HA and 5 AA. The results imply that for fresh waters, where FAs generally predominate over HAs and AAs, Pb complexation will be controlled mainly by Pb-FA and Pb-HA whereas polysaccharides will play a minor but non-negligible role in Pb binding even in the presence of humic substances.
Results and discussion
The above estimation of the contribution of different DOM components to Pb complexation was made by using conditional binding constants, obtained by measurements of the free lead ion concentrations valid for the precise conditions of the uptake experiment (pH = 6.0, ionic strength, I = 5 × 10 −3 M).
The approach does not take into account the chemical heterogeneity of the binding sites or their polyelectrolyte characteristics. To verify to what extent these two characteristics would affect the free lead concentrations and proportions of the different complexes, the conditional binding constants approach was compared with the modelling results obtained with a non-ideal competitive adsorption (NICA)-Donnan approach. [31, 32] The NICA-Donnan model, found in the ECOSAT program, using the default parameters for the constants for the individual FA and HA and those for alginate obtained in previous work, [11] predicted free Pb concentrations that were one order of magnitude lower than those obtained in the present work. A similar overestimation of Pb binding for DOM was observed when comparing speciation measurements with predictions made by the Windermere humic aqueous (WHAM) VI or NICA-Donnan models. [33] This discrepancy in the WHAM VI and NICA-Donnan models was also observed in the presence of humic substances when the Pb 2+ concentrations were measured by ion-selective electrode [16] or by ion exchange. [34] Interaction of DOM with the cell surface of Chlorella kesslerii The reconstituted DOM rich in HA and/or FA was adsorbed to a greater extent by the algae in comparison with DOM containing a higher proportion of alginate (Fig. 2) . This observation is consistent with the comparable amount of adsorbed HA and FA, which was approximately twice as high as that of the AA. The amount of adsorbed DOM containing FA, HA or HA + FA obtained by TOC measurements was generally in good agreement to those determined by UV-visible spectrophotometry in previous work. [11, 16] Indeed, the Henry adsorption constants obtained for FA and HA, K FA H and K HA H (Table 1) were comparable with those found by UV-visible measurements (K FA H = 9.0×10 −3 cm and K HA H = 8.7 × 10 −3 cm). [11, 16] The adsorption of AA to the algal surface was confirmed by algal electrophoretic mobility measurements (EPM), which revealed that AA increased the negative charge of Chlorella kesslerii in a similar manner to what was observed for FA and HA, but the EPM values of algae in the presence of 10 mg C L −1 AA were less negative than those obtained in the presence of 10 mg C L −1 HA. [11] In addition, the total amount of DOM adsorbed on the algae exposed to reconstituted DOM was compared with that estimated by Eqn 2 and the parameters obtained from the experiments with individual DOM components ( Table 1) . A relatively good agreement between experimental measurements and model calculations was obtained for all DOM compositions studied (Fig. 2) . The estimation is based on the assumption that the amount of DOM adsorbed to algae is equal to the sum of the individual component amounts (Eqn 2). This assumption implies that the different DOM components do not interfere with each other for algal surface adsorption in the medium and that the algal surface is not saturated by the DOM. The latter assumption is not so unrealistic given the linear increase of the amount of FA and HA adsorbed to algal surface with bulk concentration of humic substances in the range from 1 to 15 mg C L −1 . [12, 16] Pb uptake in the presence of DOM of variable compositions Experimental results confirmed that individual DOM components or their mixtures significantly reduced internalised Pb, used as a measure of Pb uptake by Chlorella kesslerii in comparison with a system that contained no DOM (Fig. 3) . Complexation by DOM reduced Pb uptake, but not to the extent that it was predicted by the measured reduction in [Pb 2+ ] (Fig. 3, points) . Internalised Pb was 13-fold higher than predicted in the presence of 10 mg C L −1 DOM containing equal proportions of HA and FA (5 HA + 5 FA), but 14 and 8 times higher than predicted for the same C concentration of 5 HA + 5 AA or 5 FA + 5 AA (Fig. 3, bars) . In the presence of DOM containing 5 FA + 2.5 HA + 2.5 AA, the difference between predicted and experimentally determined internalised Pb was 10-fold. The enhanced Pb uptake observed in the presence of DOM of different compositions is in qualitative agreement with DOM sorption to algae. Hence, it was previously proposed [12] that the binding of DOM to algae increased the number of binding sites (e.g. carboxylic groups) on the algal surface available for Pb. Indeed, internalised Pb content varied within 10% among the samples containing 10 mg C L −1 DOM of different composition (Fig. 3) , despite the different complexation properties of the studied reconstituted DOM (Fig. 2) . The amount of cellular Pb (adsorbed plus internalised Pb) and that bound to the different components of the DOM adsorbed onto algae was distinguished by a numerical simulation using Eqn 6. A good agreement between experimental and predicted adsorbed plus internalised Pb for reconstituted DOM with different compositions was found (Fig. 4) . These results suggest that the adsorbed DOM components probably contributed to the additional (potentially with high affinity) binding sites on the algal surface that did not significantly affect Pb interaction with algae itself, as seen for DOM adsorption. In addition, the assumption of additivity in the adsorption of different DOM components when present as a mixture, although very simple, is not unrealistic under the conditions studied because the DOM adsorption experiments confirmed that the quantity of HA and FA adsorbed onto algae when present as a mixture corresponded to the sum of the individual components (Fig. 2) .
As could be expected from its high binding affinity for Pb, Pb-HA made the greatest contribution to the total cellular Pb in the presence of DOM. In the presence of 5 HA + 5 FA or 5 HA + 5 AA, cellular Pb seems to be dominated by the fraction of Pb bound to the carboxylic groups of adsorbed HA, and less to FA or AA (Fig. 4) . In the presence of 5 FA + 5 AA, the cellular Pb bound to the adsorbed FA was ∼50%, while that bound to the adsorbed AA was ∼15%. Pb, and complexes between algae and Pb-HA, Pb-FA contributed each to 40% and 38% of the total cellular Pb in the algae exposed to the mixture containing 2.5 HA + 5 FA + 2.5 AA, whereas the contribution of the Pb-AA-algae complex was less then 10%. The above observations imply that the contribution to the total cellular Pb of supplementary Pb binding sites added by DOM adsorption to algae was a function of the type, concentration and affinity of Pb for the components present in the DOM. Indeed, this contribution is essentially dominated by the concentration of HA and FA whereas the contribution of alginate to the increase of Pb uptake by Chlorella kesslerii was very limited. Overall, the results of the present work demonstrated that Pb complexation and interaction with Chlorella kesslerii in the presence of reconstituted DOM of variable composition were mainly affected by the HA and FA fractions, while polysaccharides (e.g. AA) played a minor but non-negligible role. Owing to DOM adsorption to algae, the amount of total cellular or internalised Pb was similar for algae exposed to medium containing 10 −6 M Pb and 10 mg C L −1 DOM of different compositions, implying that the variability of the DOM composition does not seem to be a critical parameter for the mixtures studied. Furthermore, the enhanced cellular Pb in the presence of reconstituted DOM with respect to that predicted by the corresponding [Pb 2+ ] suggests that model predictions of Pb uptake in the presence of the reconstituted DOM, performed on the basis of Pb 2+ concentrations, will overestimate the protective role of DOM, as was previously shown for the individual DOM components. [12] Although specific to the studied algae and 'generic' DOM used, reconstituted by mixing different individual components, the results of the present study should contribute to the general understanding of the impact of DOM in fresh waters and more specifically to the quantitative description of metal uptake. As information on DOM composition is rarely available, the majority of the models used to predict metal speciation and toxicity (e.g. WHAM [35] or the biotic ligand model, BLM [36] ) assume that the reactive fraction of the DOM contains 100% FA, or, in some cases (e.g. BLM [36] ), 90% FA and 10% HA. The results of the present study suggest that although ignoring the polysaccharide fraction and rarely distinguishing between humic substance fractions, these models can provide reasonable estimations of Pb speciation under most natural water conditions.
Conclusion
The results of the present study demonstrated that in DOM of variable composition, HA and FA fractions played a major role in Pb complexation and uptake by the alga Chlorella kesslerii, whereas the AA fraction had only a minor influence. For a constant DOC concentration of 10 mg C L −1 , DOM rich in HA decreased free lead ion concentrations to a larger extent in comparison with the DOM rich in alginate. Nonetheless, the amounts of adsorbed Pb and Pb internalised by algae were comparable for DOM of different compositions and larger than those corresponding to the free lead ion concentrations. These observations were related to the significant DOM adsorption to the algae, found for DOM containing a larger proportion of HA or FA, which results in an increased number of Pb binding sites on the algal surface. Furthermore, an approach assuming that the properties of the DOM mixture are the sum of the properties of the individual fractions reasonably described the effect of DOM of variable composition on Pb complexation and uptake.
The results obtained imply that in natural waters, Pb complexation and uptake will be mainly affected by the HA and FA fractions, while polysaccharides (e.g. AA) play a minor but nonnegligible role. As the Pb uptake by algae was enhanced in the presence of reconstituted DOM with respect to that predicted by the corresponding [Pb 2+ ], the model predictions based on the Pb 2+ concentrations will underestimate Pb uptake, as was previously shown for the individual fractions. [12] 
